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Electrochemically exfoliating graphite into N-doped graphene
and its use as a high efficient electrocatalyst for oxygen
reduction reaction
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Abstract N-doped graphene has been extensively ex-
plored because of their intriguing properties. However,
most of the conventional heat-processed N-doped
graphene (HNG) suffer from the poor hydrophilic prop-
erty and low electric conductivity when using electrode
materials. Herein, we present a facile solution-processed
strategy to fabricate N-doped graphene through electro-
chemical exfoliation of graphite in inorganic electrolyte
solution. The resulting electrochemically exfoliated N-
doped graphene (ENG) has high level of nitrogen
(7.9 at.%) and oxygen (16.5 at.%), moreover, excellent
electric conductivity (19 s cm−1). As a binder-free elec-
trode material for oxygen reduction reaction (ORR),
ENG exhibits much better electroactivity than HNG
and electrochemically exfoliated graphene (EG), more-
over, much better methanol tolerance and long-term du-
rability than that commercial Pt/C catalyst. The results
provide new sights into scalable production of noble
metal-free catalyst towards ORR.
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Introduction

With the development of energy-related devices, fuel cell has
been considered a promising approach in energy storage and
conversion for its high efficiency and low emission [1].
Oxygen reduction reaction (ORR) is a critical process in fuel
cell, which is normally catalyzed on cathode by Pt-based cat-
alyst. However, the scarcity and sluggish kinetics of Pt-based
material, together with the issues of instability and deactiva-
tion by CO and methanol crossover effect, have hampered the
large-scale commercialization of fuel cell [2–4]. To overcome
these obstacles, great efforts have been devoted in recent years
to pursuing a broad range of alternative catalyst based on
nonprecious metals or metal oxide decorated on carbon [5,
6], as well as metal-free doped carbon materials [7–10].
Metal or metal oxide nano-catalysts frequently suffer from
the dissolution, sintering, and agglomeration [11, 12].
Currently, doping carbon materials with heteroatoms, such
as N [13, 14], B [15], Fe [16], and Co [17], has been regarded
as a promising strategy to prepare high efficent noble metal-
free ORR electrocatalyst. Among these, nitrogen-doped car-
bon materials are particularly concerned owing to their excel-
lent reliability and environmental friendliness.

Recently, graphene has been fascinated enormously as a
new-generation carbon material because of its unique 2D pla-
nar structure, exceptional chemical, and physical properties.
N-doped graphene (NG) is a very promising electrocatalyst
for ORR because of their high catalytic activity [18–25]. NG
is traditionally fabricated either by in situ carbonization of
nitrogen-containing precursors [26, 27] or by post-treatment
of the as-obtained carbon with a nitrogen-containing precur-
sor such as NH3, CH3CN, and polypyrrole [28, 29]. However,
for both in situ carbonization or post-treatment strategy, these
heat-processable N-doped graphene materials (HNG) suffer
from the poor hydrophilic property due to the low level of
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oxygen-containing, resulting in high interface energy between
electrode materials with aqueous electrolyte. Consequently,
the electrocatalytic activity of NG for ORR is still inferior to
commercial Pt/C catalyst so far.

In recent years, electrochemically exfoliating graphite into
graphene has attracted specific attention due to its easy, fast,
and environmentally friendly nature. Graphite can be exfoli-
ated in ionic liquids [30, 31] or aqueous acids (e.g., H2SO4 or
H3PO4) [32, 33]. Generally, exfoliation in ionic liquids suffers
from the low yield and, that in acidic electrolytes, can disrupt
the structure of graphene due to the overoxidation induced by
acids. Very recently, Müllen and Feng demonstrated that
graphite can be electrochemically exfoliated in neutral inor-
ganic salts, i.e., (NH4)2SO4, Na2SO4, and K2SO4 [34].
Inspired by this strategy, Zhao et al. developed a facile method
to prepare NG through electrochemical exfoliation in
NH4NO3 solution [35]. However, the N-doped level of this
material is too low to catalysis ORR entirely. Herein, we in-
tentionally designed a two-step electrochemical exfoliation
strategy to prepare NG with abundant nitrogen and oxygen.
In the first step of exfoliation, graphite paper is expanded in a
weak exfoliation electrolyte, Na2SO4 aqueous solution. N-
containing precursor, melamine-formaldehyde resin monomer
(MFR), is subsequently permeated into the expanded interlay-
er of graphite sheets. After being calcined, nitrogen atom is
doped into graphite paper. In the second step of exfoliation,
the obtained N-doped graphite paper is further completely
exfoliated in (NH4)2SO4 electrolyte. The resultant electro-
chemically exfoliated NG (ENG) presents outstanding electri-
cal conductivity despite abundant oxygen species. As a
binder-free electrochemical catalyst for ORR, ENG exhibits
excellent electrocatalytic activity, remarkable long-term dura-
bility, and outstanding methanol tolerance.

Experimental section

Chemials

Graphite flake, graphite paper (99.95 %, 8000 mesh), Pt/C
catalyst, melamine, and formaldehyde were purchased from
Shanghai Aladdin Chemistry Co. Ltd. (China). All other
chemicals were of analytical grade and used as received.

Preparation of electrochemically exfoliated graphene

One-step of electrochemical exfoliation strategy was
employed to fabricated exfoliated graphene (EG). The exfoli-
ation was performed in a two electrode system using stainless
steel as the counter electrode and a graphite paper as the work-
ing electrode. Electrolyte solutions were prepared by dissolv-
ing (NH4)2SO4 in water (with a concentration of 0.1 M and
pH 6.5–7.0).When a direct current (DC) voltage of +10 Vwas

applied to the graphite electrode, the graphite flakes began to
dissociate and disperse into the electrolyte solution. The elec-
trochemical exfoliation apparatus can be found in Fig. S1. The
voltage was kept constant for 4 h to finish the exfoliation
process. Afterward, the exfoliated product was ultrasonically
treated and collected by vacuum filtration and repeatedly
washed with water to remove all residual salts. The resulting
product was denoted as EG.

Preparation of MFR monomer

Melamine of 2.5 g and 6.6 mL of 37 wt% formaldehyde aque-
ous solution (with a molar ratio of 1:4.4) were added into
40 mL de-ionized water. After the solution was heat-treated
at 70 °C for 10 min, the resultant transparent solution is MFR
monomer.

Preparation of electrochemically exfoliated N-doped
graphene (ENG)

Two-step of electrochemical exfoliation strategy was
employed to fabricate ENG. The exfoliation process is similar
to that of EG. Differently, the first step is the electrochemical
expansion of graphite. The electrolyte in this step is sodium
sulfate aqueous solution. Nitrogen-containing precursor, MFR
monomer, was dissolved in the solution. A DC voltage of
+10 V was applied to a graphite electrode. With graphite
flakes expanding, MFR began to penetrate into the graphite
sheets. The voltage was kept constant for 12 h, and the ex-
panded graphite electrode was calcined in N2 atmosphere at
650 °C for 3 h to produce N-doped graphite paper. Afterward,
the obtained N-doped graphite paper was used as the working
electrode, and then was further electrochemically exfoliated in
ammonium sulfate electrolyte solution under the equal condi-
tion with the first exfoliation step. The exfoliated product was
ultrasonically treated and collected by vacuum filtration and
repeatedly washed with water to remove any residual salts.
The product prepared by this two steps of electrochemical
exfoliation of graphite was denoted as ENG.

Preparation of heat-processed N-doped graphene (HNG)

Firstly, graphene oxide was prepared from nature graphite
flakes by using an improved Hummers’ method [36].
Typically, graphite flakes (1.0 g) and KMnO4 (6.0 g) were
added into mixture of 120 mL concentrated H2SO4 and
13.3 mL H3PO4, producing a slight exotherm to 35 °C. The
mixture was then heated to 40~55 °C and stirred for 12 h. The
reaction was cooled to room temperature and poured into ice
water (150 mL) with 30 % H2O2 (10 mL). The mixture was
sifted through a polyester fiber. The filtrate was centrifuged
(4000 rpm for 4 h), and the supernatant was decanted away.
The remaining solid material was then washed in succession
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with 200 mL of water, 200 mL of 30 % HCl, and 200 mL of
ethanol. The eventual solution was centrifuged (4000 rpm for
4 h), and the supernatant was decanted away. The solid was
vacuum-dried overnight at room temperature. Secondly,
graphene oxide was hydrothermally treated with formalde-
hyde and melamine. The obtained composite hydrogel was
freeze dried, and then calcined in N2 atmosphere at 750 °C
for 6 h. The final product was denoted as HNG.

Construction of electrode

The procedures of glass carbon rotating disk electrode (RDE)
(3 mm in diameter, from Autolab)—pretreatment and modifi-
cation—are as follows: prior to use, the working electrode is
polished mechanically with 0.5 μm diamond down to
0.05 μm alumina slurry to obtain a mirror-like surface and
then washed with Mill-Q water and acetone and allowed to
dry. Ten-milligram catalyst is dispersed in 5 mL water by
sonication. The dispersion was dropped on the RDE and then
allowed it to dry in ambient air to form a catalyst-modified
RDE.

Electrochemical measurement

A conventional three-electrode cell was employed incorporat-
ing a working glass carbon RDE (Autolab) as working elec-
trode, a Ag/AgCl electrode as reference electrode, and a plat-
inum plate as counter electrode. All potentials were measured
and reported vs the Ag/AgCl electrode and converted into vs
the reversible hydrogen electrode (RHE). The experiments are
carried out in O2-saturated 0.1 M KOH solution for the ORR.
The potential range is cyclically scanned between 0.2 and
+1.3 V vs RHE at a scanning rate of 2 mV s−1 at the ambient
temperature after purging O2 or N2 for 15 min. RDE measure-
ments are conducted at different rotating speeds from 400 to
2400 rpm by using an Autolab Model. The exact kinetic pa-
rameters including electron transfer number (n) and liminted
kinetic current density (Jk) were analyzed on the basis of
Koutecky–Levich equations shown in equations.

1
J ¼ 1

J k
þ 1

JL
¼ 1

Jk
þ 1

0:62nFAD2=3
i v−1=6ω1=2Ci

where J is the measured current density, Jk and JL are the
kinetic and diffusion-limiting current densities, resectively, ω
is the electrode rotation rate, n is the electron transfer number,
F is the Faraday constant (F = 96,485 C mol−1), A is the area
of electrode, Ci is the saturated concentration of O2

(Ci = 1.26 × 10−3 mol L−1) at room temperature, Di is the
diffusion coefficient of O2 (Di = 1.9 × 10−5 cm2 s−1) at room
temperature, v is the kinetic viscosity of the electrolyte
(0.01 cm2 s−1) [37].

Characterization

The morphologies were examined with a JEM-2000 transmis-
sion electron microscope (TEM) with an acceleration voltage
of 200 kV. All TEM samples were prepared by depositing a
drop of diluted solution on a copper grid coated with carbon
film. X-ray photoelectron spectroscopy (XPS) analysis was
performed on a PHI Quantum 2000 Scanning ESCA
Microprobe with a monochromatized microfocused Al X-ray
source. The X-ray diffraction (XRD) patterns were measured
with an X’Pert Philips Materials Research Diffractionmeter
using Cu/Kα radiation.

Results and discussion

The preparation of ENG through electrochemical exfoliation
route is schematically illustrated in Fig. 1. Firstly, graphite
paper is electrochemically expanded in Na2SO4 electrolyte.
The nitrogen-contained precursor, MFR monomer, is subse-
quently penetrated into the interlayer of expanded graphite.
The MFR-decorated graphite paper is then dried in oven and
calcined in N2 atmosphere under 650 °C for 3 h to perform N-
doping. In comparison with the XRD pattern of graphite and
N-doped graphite, a wider difraction peak centered at 26° is
emerged, which is indicative of the expansion of graphite
layers (Fig. S2). Elemental analysis by XPS reveals that the
nitrogen content in N-doped graphite is ~4.3 % (Fig. S3).
Secondly, the as-obtained N-doped graphite paper is electro-
chemically exfoliated in (NH4)2SO4 electrolyte. According to
the exfoliation mechanism proposed by Müllen and Feng, the
reduction of SO4

2− anions in Na2SO4 and self-oxidation of
water produces gaseous species such as SO2, O2, and others
[34]. These gaseous species will exert the force on the graphite
layer, leading the expansion of the graphite. However, for
(NH4)2SO4, much more gas species, i.e., NH3, can be pro-
duced, resulting in a stronger force to exfoliate N-doped
graphite paper into thin layer graphene. The profile evolutions
of graphite paper during the electrochemical exfoliation pro-
cess are shown in Fig. S4.

Themorphology and structure of the as-prepared ENGwere
first examined under a scanning electron microscope (SEM)
and transmission electron microscope (TEM). As shown in
Fig. 2, SEM image displays a huge graphene sheet with a little

Fig. 1 Schematic illustration of the fabrication process of ENG. MFR
represents melamine formaldehyde monomer here
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crumple (Fig. 2a). The size of the graphene sheet even achieves
to several micrometers. TEM images further confirm a layered
graphene (Fig. 2b, c). Despite not single layer graphene, ENG
still has thin-layer and integrate morphology. The correspond-
ing selected area electron diffraction (SAED) pattern (Fig. 2d)
demonstrates that ENG is crystalline [38].

The structure of ENG was then characterized by XRD, N2

physical adsorption, and Raman spectroscopy. The XRD pat-
terns are shown in Fig. 3a. For comparison, those of EG and
HNG were recorded as well. It can be seen that all the XRD
patterns exhibit a strong diffraction peak centered at 26.2°,
which is assigned to the (002) diffraction peak [39]; moreover,
their peak width is far broader than that of graphite (Fig. S2),
which is indicative of a loosely layered structure of EG, ENG,
and HNG [40]. As shown in Fig. S5, the adsorption-
desorption isotherms of ENG and EG are the type II adsorp-
tion branch associated with a H3 hysteresis loop. Their BET
surface areas are only 10.9 and 3.1 m2 g−1, respectively, sug-
gesting that they are susceptible to be restacked in dry state.
The Raman spectroscopy of ENG, EG, and HNG all emerges
two characteristic bands at 1350 and 1581 cm−1 (Fig. 3b),
corresponding to the D band and G band, respectively [41].
The G band is responsible for the in-plane vibration of sp2-
hybridized C atoms, while D band reflects the defected
graphene or the edge of perfect graphene. The value of ID/IG
can be used to evaluate the structure integrity of graphene. As
calculated, the ID/IG of EG, ENG, and HNG are 0.66, 0.89,
and 1.05, respectively, demonstrating that electrochemically

exfoliated strategy bears better structure than HNG chemical
oxidation route. In addition, Raman spectroscopy of ENG
displays another 2D band, while those of HNG are disap-
peared. The vanishing of the 2D band for the graphene sheet
should result from the amorphization during the strongly ox-
idative steps [41].

The chemical composition of ENG was further determined
by XPS. As shown in Fig. 4, XPS survey (Fig. 4a) of ENG
exhibits three pronounced peak centered at 285.7, 400.1, and
533.2 eV, corresponding to the characteristic peak of C, N, and
O, respectively. The elemental analysis indicates that the con-
tents of C, N, and O are 75.6, 7.9, and 16.5 %, respectively. In
comparison with that of HNG and GO (Tab. S1), ENG has
similarly high oxygen content with GO (~20 %), while ap-
proaching nitrogen content to HNG (~8 %). The high content
of oxygen enables ENG with remarkable hydrophilic proper-
ty. As shown in Fig. S6, a dispersion of ENG can maintain the
original homogeneous state even after 10 days, however, that
of HNG deposited completely in a day. The O1s XPS of ENG,
HNG, and GO reveal that ENG has similar oxygen-related
structure, but vary greatly from HNG (Fig. S7). The C1s
XPS of ENG shows an absolutely dominated sp2-hybridized
C peak (Fig. 4b), suggesting the good integrity of carbon
skeleton. The N1s spectrum of ENG can be deconvoluted into
three peaks located at the binding energy of 399.1, 400.2, and
402.1 eV, corresponding to the pyridinic, pyrrolic, and gra-
phitic N, respectively (Fig. 4c) [21], which is similar to that
of HNG (Fig. S8).

Fig. 2 a SEM, b, c TEM images of ENG, and d the corresponding selected area electronic diffraction
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The electric conductivity of ENG was finally tested via a
four-probe method. As shown in Tab. S2, the electric conduc-
tivity of ENG achieves to 19.0 S cm−1, which is inferior to that
of EG (33.4 S cm−1), due most likely to the doping of nitrogen
[29]. However, the electric conductivity of ENG is much
higher than those of HNG (1.75 S cm−1) and GO
(5.32 × 10−4 S cm−1), despite large amount of oxygen.

Furthermore, ENG can form paper-like material like GO
through a facile filter treatment method, owing to the hydro-
gen bond interaction induced by the high content of oxygen
species on its surface (Fig. S9), which sparks our interests that
ENG may be an ideal bind-free electrode material. In this
context, the electrochemical performance of ENG as a
binder-free electrode material was investigated.

Fig. 4 XPS survey (a), C1s XPS (b), N1sXPS (c) of ENG

Fig. 3 a XRD pattern of EG,
HNG, and ENG. b Raman
spectroscopy of EG, ENG, and
HNG
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The electrocatalytic activity of ENG for ORR was firstly
explored through cyclic voltammetry (CV) measurement with
a conventional three-electrode mode. As shown in Fig. 5a, the
CV curves of ENG in O2 and N2-saturated 0.1 M KOH aque-
ous solution at a scanning rate of 10 mV s−1 were compared.
In the N2-saturated electrolyte, the CV of ENG shows a ca-
pacitive shape where there are no remarkable redox peaks.
Despite low BET surface area in dry state, ENG still exhibits
the normal specific mass capacity of 110 Fg−1, indicating that
the area available for discharge in solution is much higher than
that available for gas adsorption. In the O2-saturated electro-
lyte, there is a significant peak centered at 0.8 V in the O2-
saturated electrolyte solution, which is the characteristic peak
of ORR [42], suggesting that ENG has electrocatalytic activity
towards ORR.

To unravel the electrocatalytic mechanism of ENG for
ORR, the kinetic behavior was investigated by RDE in O2-
saturated 0.1 M KOH solution. Linear sweep voltammograms
(LSVs) were recorded at the rotation speed ranging from 400
to 2400 rpm. The LSV scanning of ENG from both directions
was firstly conducted, as shown in Fig. S10. It can be found
that the optical scanning rate is 2 mVs−1. The LSV curves of
all catalysts at the scanning rate of 2 mVs−1 were shown in
Fig. 5b; all LSVs show typical higher current with increasing
rotation speed, owing to the shortened diffusion distance at
high speeds. Diffusion-limited current densities collected at
different rotation speeds are used to determine the electron
transfer number associated with ORR, which are calculated
to be ~3.8 by the Koutecky-Levich equation (Fig. 5c). The
electron transfer number is close to the theoretical four-
electron transfer process, in which O2 is reduced into H2O
by one step, suggesting that ENG is a remarkable ORR
electrocatalyst. To maximize the ORR performance of ENG,
the concentration of MFR monomer, the N-doping

temperature, and the molar ratio of melamine to formaldehyde
in MFR are systematically studied, as shown in Fig. S11. It is
found that the optimal concentration of MFR, the N-doping
temperature, and the molar ratio of melamine to formaldehyde
in the precursor are 650 °C, 1:4.4, and 1.5 mol L−1,
respectively.

The electrocatalytic performance of ENG was further com-
pared with those of EG, HNG, and the commercial Pt/C cat-
alysts (20 wt% on Vulcan XC72) (Fig. 6). As shown in
Fig. 6a, the ORR onset potentials of ENG acquired from
RDE linear sweep at 2400 rpm show that ENG had the onset
potential of 0.92 V, which is significantly more positive than
those of HNG (0.89 V) and EG (0.87 V). The kinetic current
densities (Jk, A/g) normalized by mass and their correspond-
ing electron transfer number (n) are summarized in Fig. 6b.
Remarkably, ENG exhibits a one-step, four-electron transfer
pathway with a high kinetic current density of 2.6 A g−1.
Although the electrocatalytic activity of ENG is worse than
that of Pt/C catalyst (Jk = 13.8 A g−1, n = 2.0), it is higher than
those of EG (Jk = 0.26 A g−1, n = 2.0) and HNG
(Jk = 1.80 A g−1, n = 2.8) significantly. The results confirm
that ENG has much better electrocatalytic activity than EG
and HNG, which may mainly attribute to the N-doping, hy-
drophilic surface, and good electric conductivity of ENG.
Firstly, as reported, the lone electrons of the doped N can
activate the π system of graphene, which make O2 molecular
get reduced readily on the positively charged C atom neigh-
boring N atom [43]; secondly, the hydrophilic surface induced
by the high content of oxygen enhances the wettablity towards
electrolyte, facilitating effective ionic transport. Finally, the
excellent intrinsic electroconductivity and binder-free charac-
teristic when using electrode material are in favor of the elec-
tron conduction. Additionally, the long-term durability of
ENG was assessed through chronoamperometr ic

Fig. 5 a Cyclic voltammograms of ENG at a scanning rate of
10 mV s−1 in N2 and O2-saturated 0.1 M KOH solution. b LSV
of ENG in O2-saturated 0.1 M KOH solution with various

rotation rates at a scanning rate of 2 mV s−1 (inset is the
Koutecky-Levich plots of ENG derived from RDE LSVs at dif-
ferent electrode potentials)
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measurements (Fig. 6c). ENG achieves much better durability
with a high current retention (91.3 %) after 30,000 s of con-
tinuous operation compared to that of Pt/C (43.5 %). The
cyclic stability of ENG and Pt/C was further evaluated by
the current decay of the LSV curves at 2400 rpm (Fig. 6d).
It can be seen that ENG has much better cyclic stability than
Pt/C (Fig. S12). Considering the high activity and stability of
ENG, it is expected that ENG is a promising electrocatalyst or
support for ORR.

As an ORR electrocatalyst for fuel cells, a high catalytic
selectivity for cathode reactions against fuel oxidation is of
great significance, especially when using small molecule or-
ganic fuels, such as methanol and glucose in the anode, which
could permeate through the polymer electrolyte membrane to
the cathode, consequently seriously degrading the perfor-
mance of the cell [44]. The methanol crossover effect was
evaluated on ENG and commercial Pt/C catalysts (Fig. 7).
An obvious cathodic current appeared when oxygen is purged
into N2-saturated 0.1 M KOH aqueous solution at about

1000 s, indicating that ORR occurs on both ENG and Pt/C.
After methanol is incorporated into the electrolyte, ENG still
retains stable current response, whereas the current in the Pt/C
system instantaneously jumped owing to the methanol

Fig. 6 a RDE LSVs of ENG, HNG, EG, and Pt/C catalyst at the
rotation speed of 2400 rpm and scanning rate of 2 mV s−1. b The
calculated kinetic current density (Jk) at 0.85 V, and average elec-
tron transfer number for EG, ENG, HNG, and Pt/C catalysts. c

Chronoamperometric curves of ENG and Pt/C at the rotation
speed of 2400 rpm. d LSV curves of ENG at 2400 rpm experi-
enced 1000 and 5000 cycles. The loading of all the materials on
the RDE is 0.20 mg cm−2

Fig. 7 Chronoamperometric responses at 0.75 V in N2-saturated 0.1 M
KOH on ENG and Pt/C electrode followed by introduction of O2 and
methanol (0.3 M)
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oxidation reaction on Pt/C, revealing that ENG has better
methanol tolerance than the vulnerable Pt/C. Consequently,
ENG is an overall excellent electrocatalyst and has great po-
tential to replace the classical Pt/C as a novel noble-metal-free
catalyst.

Conclusions

In summary, we have developed a facile way to prepare NG.
The r e su l t i ng ENG exh ib i t s g r e a t l y enhanced
electrocatalytical activity for the cathodic ORR compared to
the electrochemically EG and the conventional heat-processed
NG in terms of electron transfer number, current density, and
onset potential. The enhancement of electrocatalytic perfor-
mance attributes to its excellent hydrophilic property, out-
standing conductivity, and N-functionalization. ENG also
shows superior long-term durability, cyclic stability, and
methanol tolerance to the state-of-the-art Pt/C catalyst, sug-
gesting that it is a promising electrocatalyst for fuel cell.
Moreover, the proposed electrochemical exfoliation strategy
is low-cost, eco-friendless, and suitable to scalable production,
bringing hope to the industrialization of noble metal-free cat-
alysts for ORR.
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